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A brief history of cross-species organ transplantation
David K. C. Cooper, MD, PhD 

Cross-species transplantation (xenotransplantation) offers the prospect of 

an unlimited supply of organs and cells for clinical transplantation, thus 

resolving the critical shortage of human tissues that currently prohibits a 

majority of patients on the waiting list from receiving transplants. Between 

the 17th and 20th centuries, blood was transfused from various animal 

species into patients with a variety of pathological conditions. Skin grafts 

were carried out in the 19th century from a variety of animals, with frogs 

being the most popular. In the 1920s, Voronoff advocated the transplanta-

tion of slices of chimpanzee testis into aged men whose “zest for life” was 

deteriorating, believing that the hormones produced by the testis would 

rejuvenate his patients. Following the pioneering surgical work of Carrel, 

who developed the technique of blood vessel anastomosis, numerous at-

tempts at nonhuman primate organ transplantation in patients were carried 

out in the 20th century. In 1963–1964, when human organs were not 

available and chronic dialysis was not yet in use, Reemtsma transplanted 

chimpanzee kidneys into 13 patients, one of whom returned to work for 

almost 9 months before suddenly dying from what was believed to be an 

electrolyte disturbance. The first heart transplant in a human ever per-

formed was by Hardy in 1964, using a chimpanzee heart, but the patient 

died within 2 hours. Starzl carried out the first chimpanzee-to-human liver 

transplantation in 1966; in 1992, he obtained patient survival for 70 days 

following a baboon liver transplant. With the advent of genetic engineering 

and cloning technologies, pigs are currently available with a number of 

different manipulations that protect their tissues from the human immune 

response, resulting in increasing pig graft survival in nonhuman primate 

models. Genetically modified pigs offer hope of a limitless supply of organs 

and cells for those in need of a transplant. 

T
he increasing demand for organs, tissues, and cells for 
purposes of clinical transplantation, and the relative 
lack of improvement in the number of deceased human 
organs that become available each year, have increased 

interest in the possibility of using organs and cells from an 
animal species (1, 2). Th e concept of cross-species transplanta-
tion (or xenotransplantation) is not new, and there has been a 
surprisingly large number of clinical attempts during the past 
300 years or more (1, 3, 4). Th e barriers to xenotransplantation 
are considerable but are steadily being overcome, largely by our 
ability to genetically engineer pigs to make their tissues more 
resistant to the human immune response. 

From the Thomas E. Starzl Transplantation Institute, Department of Surgery, 

University of Pittsburgh Medical Center. Pittsburgh, Pennsylvania.

Based on a presentation at the annual meeting of the American Osler Society, 

May 2011.

Corresponding author: David K. C. Cooper, MD, PhD, Thomas E. Starzl 

Transplantation Institute, University of Pittsburgh Medical Center, Starzl Biomedical 

Science Tower, W1543, 200 Lothrop Street, Pittsburgh, Pennsylvania 15261 

(e-mail:cooperdk@upmc.edu).

XENOTRANSPLANTATION IN MYTHOLOGY
A review of Greek mythology and of religious tracts—

particularly, for example, from the Hindu religion—draws at-
tention to the fact that humans have been interested in the 
possibility of merging physical features from various animal 
species for hundreds of years. For example, the chimera has 
been used to represent the allotransplantation of organs and cells 
(transplantation between members of the same species), and the 
lamassu (Figure 1) has been selected as the mythological fi gure 
to represent the International Xenotransplantation Association 
and its offi  cial scientifi c journal, Xenotransplantation. 

Th e late Keith Reemtsma pointed out that possibly one of 
the earliest examples of xenotransplantation was the attempt by 
Daedalus and his son, Icarus, to fl y across the sea from Crete to 
mainland Greece with the help of bird wings attached to their 

Figure 1. The lamassu. This mythological beast has been adopted for the logo 

of the International Xenotransplantation Association and its official journal, 

Xenotransplantation. Image courtesy of IXA.
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arms (5). Icarus failed in the attempt, and Reemtsma put this 
forward as a possible case of hyperacute rejection (very rapid 
rejection of the graft), though he thought it was more likely 
to be related to failure of a thermolabile adhesive. However, 
Daedalus successfully made the journey, providing this pair 
with an enviable 50% success rate. 

BLOOD XENOTRANSFUSION
If we look beyond 

the realm of mythology 
and legend, we come to 
the 17th century, when 
Jean Baptiste Denis 
(Figure 2) began the 
clinical practice of blood 
transfusion from animals 
to humans (6). Perhaps 
not surprisingly, the re-
sults were mixed. As a re-
sult, xenotransfusion was 
banned in France for a 
number of years. Today, 
with the increasing risk 
of transfer of infectious 
agents with human blood transfusions, a strong case could be 
made for using an animal such as a pig (housed under ideal 
“clean” conditions and monitored at intervals to ensure that no 
infectious agent would be transferred) as the source of blood 
cells and blood products in the future (6). In fact, this approach 
has recently been explored again by several groups (7). 

SKIN XENOTRANSPLANTATION
In the 19th century, skin grafts became relatively popular 

between various animal species and humans (8, 9). Th e grafts 
were either free skin grafts or pedicle skin grafts. Pedicle grafts 
were complicated because they required the donor, for example, 
a sheep, to be strapped immobile to the patient for several days, 
during which time the graft would reputedly be vascularized by 
the recipient. If this occurred, the graft could be disconnected 
from the donor. It is almost certain that none of these grafts was 
in any way successful, although some “successes” were reported. 

Th e fact that many of the species used as donors—sheep, 
rabbits, dogs, cats, rats, chickens, and pigeons—had hair, feath-
ers, or fur growing from the skin did not appear to disconcert 
the surgeons involved, but the trend was to use animal species 
in which these accoutrements were not present. Th e ideal graft 
would appear to have been from frogs, which were sometimes 
“skinned alive.” It is possible that some of these grafts were “suc-
cessful” in that, when used to cover a skin ulcer, they provided 
protection, at least for a number of days, while the ulcer healed 
beneath the graft. However, probably none of the grafts actually 
became permanent. 

CORNEAL XENOTRANSPLANTATION
Remarkably, in 1838 the fi rst corneal xenotransplanta-

tion (from a pig) was performed in a patient, whereas the 

fi rst corneal allograft (human-to-human) was not carried out 
until more than 65 years later, in 1905. Th e fi eld of corneal 
xenotransplantation has recently been reviewed by Hara and 
Cooper (10, 11). 

ALEXIS CARREL AND BLOOD VESSEL ANASTOMOSIS
More scientifi c eff orts had to 

wait until the 20th century, when 
the French experimental surgeon, 
Alexis Carrel (Figure 3), working 
fi rst in France and subsequently in 
North America, developed surgi-
cal techniques for anastomosing 
blood vessels, which enabled organ 
transplantation to be carried out 
successfully for the fi rst time. For 
this work he was awarded the No-
bel Prize in 1912. He developed an 
interest in cross-species transplan-
tation, at least from an experimen-
tal perspective, and in 1907 wrote 
these prophetic words:

Th e ideal method would be to transplant in man organs of 
animals easy to secure and operate on, such as hogs, for in-
stance. But it would in all probability be necessary to immunize 
organs of the hog against the human serum. Th e future of 
transplantation of organs for therapeutic purposes depends on 
the feasibility of hetero [xeno] transplantation.

It is remarkable that, more than 100 years ago, Carrel in-
dicated what we are now trying to do, which is to genetically 
modify pigs to make their tissues resistant to the human im-
mune response. Carrel was clearly a man of vision. 

SERGE VORONOFF AND “REJUVENATION” BY CELL 
XENOTRANSPLANTATION

A few years later, Serge Voronoff  
(Figure 4), a Russian émigré working 
in Paris, developed the concept of 
transplanting cells that produced a 
hormone in which the recipient was 
defi cient. Th is is another example of 
a visionary scientist who was ahead 
of his time. Today we are doing 
exactly what he envisaged, namely 
transplanting human pancreatic is-
lets that produce insulin in patients 
with severe type 1 diabetes. In view 
of the limited number of human 
pancreases that become available 
each year, there is a growing inter-
est in using pig islets for this purpose (see below). 

Voronoff ’s main interest, however, was in reversing the ef-
fects of aging in elderly men who had lost their “zest for life.” 
He carried out a signifi cant number of chimpanzee or baboon 
testicular transplants in male human recipients (12, 13). His 

Figure 3. Alexis Carrel (1873–

1944), photographed by Huggins. 

From Images from the History of 

Medicine (record UI 101411640).

Figure 2. Jean-Baptiste Denis (c. 1635–

1704). Image courtesy of Musée d’Histoire de 

la Médecine, Faculté de Médecine de Paris.

Figure 4. Serge Voronoff 

(1866–1951). Image from the 

U.S. Library of Congress (record 

LC-B2- 6197-1).
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technique was to slice up the animal testicle and insert the 
slices into the recipient’s testicle. (It can be looked upon as 
the Viagra of the 1920s.) Th e procedure became popular on 
both sides of the Atlantic, and several hundred of these op-
erations were performed. It is inconceivable that any of them 
had any benefi cial eff ect whatsoever except psychological, but 
there were reports of remarkable “rejuvenation” of men who 
reported much increased energy after the operation. Th e com-
plications of the operations must have been signifi cant because 
presumably on occasions the slices of donor testicle would have 
necrosed and set up infl ammatory or infectious complications. 
Surprisingly, reports of such complications appear to have been 
uncommon. 

Voronoff  was certainly a man ahead of his time because he 
also applied to the authorities in Paris to carry out what would 
have been the fi rst kidney allotransplant, using the kidneys from 
a criminal who was to be guillotined. His request was refused, 
and this allowed his Russian compatriot, Yurii Voronoy, to be-
come the fi rst surgeon to perform kidney allotransplantation 
in 1933 (14). 

Th e concept of transplanting glandular tissue to produce 
hormones that would benefi t the recipient was continued in the 
United States by a much less scientifi c doctor, John Brinkley, 
whose work was carried out largely in Kansas and Texas (15). 
His chosen donor was the goat, as he had been convinced by a 
local farmer of its sexual potency. It would appear that Brinkley 
was a charlatan rather than a serious transplant surgeon, and, 
although it made him a fortune, his work fell into serious 
disrepute, and he was eventually driven out of business by the 
American Medical Association. 

Nevertheless, this concept of cell xenotransplantation has 
been sustained until the present time, with the establishment of 
several clinics, particularly in Europe, in which animal tissue or 
serum is injected into patients for a variety of conditions. Th e 
results have been controversial (16).

KEITH REEMTSMA AND CHIMPANZEE KIDNEY 
XENOTRANSPLANTATION

By the 1960s, Keith Reemtsma (Figure 5)—at that time at 
Tulane University in Louisiana—hypothesized that nonhuman 
primate kidneys might function in human recipients and thus 
be a successful treatment for renal 
failure. At that time, the concept 
of kidney transplantation had been 
established largely by French and 
American surgeons, but the avail-
ability of kidneys from deceased 
humans was extremely limited and 
chronic dialysis was not yet being 
undertaken. In Reemtsma’s opinion, 
therefore, there was little alternative 
to death for the patient unless or-
gans could be made available from 
nonhuman species. He selected the 
chimpanzee as the source of organs 
because of its close evolutionary rela-

tionship to humans. He carried out 13 of these transplants, on 
each occasion transplanting both kidneys from the chimpanzee 
(which generally weighs signifi cantly less than an adult human) 
into the recipient (17). 

Most of the transplants failed within 4 to 8 weeks, either 
from rejection (because of the limited immunosuppressive 
agents available at the time) or from an infectious complication 
(because of the overadministration of these agents). Neverthe-
less, one of Reemtsma’s patients lived for 9 months, returning 
to work as a schoolteacher and evidently remaining in good 
health until she suddenly collapsed and died. At autopsy, the 
chimpanzee kidneys appeared normal and showed no signs of 
acute or chronic rejection (Figure 6). It was suggested that she 
had died from an acute electrolyte 
disturbance. Th is is possible since the 
transplantation of nonhuman pri-
mate kidneys into patients was fre-
quently associated with an immense 
diuresis in the early posttransplanta-
tion period, often exceeding 20 liters 
in 24 hours, and there could have 
been a late electrolyte imbalance. 

Th e concept of using nonhuman 
primates as kidney donors was ex-
panded by several surgeons, particu-
larly by Tom Starzl (Figure 7), who 
used baboons as donors in Colorado 
(18); his results were similar to those 

Figure 5. Keith Reemtsma 

(1925–2000). Image courtesy 

the late Keith Reemtsma.

Figure 6. Normal macroscopic appearance at autopsy of chimpanzee kidneys 

(top) that had functioned well for a period of almost 9 months in a 23-year-old 

woman who had undergone renal xenotransplantation in 1963. This operation was 

one of a small series of kidney xenotransplants performed by Keith Reemtsma 

and his colleagues at Tulane University in New Orleans. Image courtesy of the 

late Keith Reemtsma.

Figure 7. Tom Starzl (born 

1926). Image courtesy of 

Thomas E. Starzl.
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of Reemtsma, except that he did not achieve any relatively long-
term survivors. Others in the US and in France also had small 
experiences (3). 

JAMES HARDY AND THE FIRST HEART XENOTRANSPLANT
James Hardy (Figure 8), who 

had carried out the first human 
lung allotransplant in 1963, visited 
Reemtsma and was impressed by the 
health of some of the patients with 
chimpanzee kidney transplants. 
In 1964, Hardy was determined 
to carry out the fi rst clinical heart 
transplantation and decided to ac-
quire some chimpanzees as potential 
“donors” in case he could not iden-
tify a deceased human donor. He 
had a less-than-ideal patient who 
would not be accepted for heart 
transplantation today, as he had 
widespread atheromatous vascular 

disease throughout his body—for which he had undergone 
amputations of both legs—and was in a semicomatose state 
at the time the transplant was undertaken. However, as the 
patient was rapidly dying, Hardy was stimulated to transplant 
a chimpanzee heart (19). Th e chimpanzee heart was not large 
enough to support the circulation and failed within a couple 
of hours. 

In contrast to the response to the attempted lung allotrans-
plantation, the public and medical professional response to the 
heart xenotransplantation was adverse and dissuaded Hardy 
and his colleagues from carrying out any further attempts. Th e 
procedure of cardiac allotransplantation was later established by 
Barnard and his colleagues in 1967 (20), who later also carried 
out two cardiac xenotransplants (21).

It is of interest to note that the consent form for Hardy’s 
operation—which, in view of the patient’s semicomatose con-
dition, was signed by a close relative—stipulated that no heart 
transplant had ever been performed, but made no mention of 
the fact that an animal heart might be used for the procedure. 
Such was the medicolegal situation at that time that this 

“informed” consent was not con-
sidered in any way inadequate. 

LEONARD BAILEY AND “BABY FAE”
Perhaps the best known clini-

cal cardiac xenotransplantation 
since Hardy’s attempt was that by 
Leonard Bailey (Figure 9), who 
transplanted a baboon heart into 
an infant girl, known as Baby Fae, 
in 1983. At that time, it was almost 
impossible to obtain human organs 
from infants, particularly those with 
anencephaly, for transplantation 
into infants with life-threatening 

congenital heart disease. Th e surgical procedure in Baby Fae 
was technically successful, but the graft underwent acute rejec-
tion and the patient died 20 days later (22). As the graft was 
necessarily taken from a baboon that was ABO-incompatible 
with the recipient—as the O blood type is essentially not found 
in baboons—this might have added to the severity of rejection. 
Even though cyclosporine had become available by this time, 
the immunosuppressive therapy was not suffi  cient to prevent 
xenograft rejection.

Th is procedure did little to advance progress in xenotrans-
plantation, but it did draw public and medical attention to the 
dearth of deceased human organs available for infants in need 
of a transplant. Following the procedure, particularly with the 
immense publicity associated with it, the situation with regard 
to donation of organs from infants became very much improved, 
and Bailey went on to develop an extremely successful cardiac 
allotransplantation program in infants and children at Loma 
Linda University. 

THOMAS STARZL AND LIVER XENOTRANSPLANTATION
Tom Starzl (Figure 7), who is one of the greatest pioneers 

in the fi eld of kidney and liver allotransplantation, performed 
a handful of liver transplants between nonhuman primates and 
young patients in Colorado in the 1960s without lasting suc-
cess (23–26). When the addition of tacrolimus had improved 
the immunosuppressive armamentarium, he and his team in 
Pittsburgh performed two liver transplants from baboons in 
adult patients in the 1990s, with one patient surviving for 70 
days (27). Th e results, however, were not successful enough to 
warrant continuing this experimental clinical trial. 

Most of the early attempts at clinical organ xenotrans-
plantation used nonhuman primate species as sources of the 
organ, although there have been a few attempts using the pig 
(28) and other nonprimate mammals, but without signifi cant 
success (3). 

CARL-GUSTAV GROTH AND THE FIRST ISLET 
XENOTRANSPLANTATION

Th ere are an estimated 2 to 3 million patients with type 1 
diabetes in the USA alone. As pig insulin diff ers from human 
insulin by only one amino acid, and pig insulin was adminis-
tered successfully for the treatment 
of diabetic patients for decades until 
recombinant human insulin became 
available, it is reasonable to anticipate 
that successful pig islet transplanta-
tion will result in normoglycemia. 
Th e Swedish group headed by Carl 
Groth (Figure 10) was the fi rst to 
attempt pig islet transplantation in 
patients with diabetes in 1993 (29). 
Although porcine C-peptide was 
documented in the blood of some 
of the patients, indicating that some 
islets survived, no clinical benefi t 
was obtained.

Figure 8. James Hardy (1918–

2003). Image courtesy of the 

late James Hardy.

Figure 9. Leonard Bailey (born 

1942). Image courtesy of 

Leonard Bailey.

Figure 10. Carl-Gustav Groth 

(born 1933). Image courtesy of 

Carl-Gustav Groth.



In recent years, there have been encouraging results from 
islet allotransplantation in patients with type 1 diabetes, but 
with such large numbers of patients suff ering from the dis-
ease, the number of human pancreata that become available 
will never be suffi  cient to treat all of the potential patients, 
particularly as often two (or even three) human pancreata are 
required to provide enough islets to render a single recipient 
normoglycemic.

XENOTRANSPLANTATION USING PIGS AS SOURCES OF 
ORGANS AND CELLS

Th e advantages of xenotransplantation, particularly if we 
could use a readily available animal source, such as the pig, 
would be numerous (Table 1) (30). First, there would be an 
unlimited supply of “donor” organs, which would resolve the 
current increasing and severe shortage of human organs.

Second, these organs would be available electively whenever 
required, which is an equally important point. Currently, a 
patient may wait several months in an intensive care unit or 
with a left ventricular assist device while awaiting a heart trans-
plant, or even several years on chronic dialysis awaiting a kidney 
transplant. If transplantation could be carried out as soon as the 

patient experiences irreversible organ failure, then immediate 
transplantation would almost certainly result in signifi cantly 
improved survival.

Th ird—a point that is generally overlooked—brain death 
has numerous adverse eff ects on the donor organs, particularly 
the heart, that may lead to primary graft nonfunction or other 
injury (31, 32). In the case of the xenotransplantation of pig 
organs, this would be avoided as organs would be excised from 
a healthy pig under anesthesia.

Fourth, almost no year passes without a novel microor-
ganism being transferred from the donor to the recipient with 
the graft. In recent years, West Nile virus, rabies, and other 
microorganisms have been transferred with fatal results. While 
there has been some concern that a porcine microorganism 
might be transferred with a pig organ (33–35), the pig herd for 
transplantation will be housed under ideal conditions and be 
monitored at regular intervals for infectious agents, providing 
a much greater chance that the donor animal would be free 
of all known pathogenic organisms than the average deceased 
human donor. 

In several countries, there are cultural barriers to deceased 
organ donation, e.g., Japan, and yet there are no barriers to 

xenotransplantation; thus, the number 
of transplants performed would be vastly 
increased. The lack of deceased human 
donors, particularly with regard to liver 
transplantation, has popularized living do-
nor liver transplants, in which almost two 
thirds of the donor liver is transplanted in 
an adult, and there have been a number 
of donor deaths after these procedures (es-
timated donor mortality, 0.1% to 0.8%). 
Th ese tragedies would be avoided if pig or-
gans could be used for transplantation. 

The immunological and pathophysi-
ological problems associated with pig 
xenotransplantation, however, are signifi cant 
and probably refl ect the fact that it has been 
80 million years since the pig and human di-
verged on the evolutionary scale. Th erefore, 
in the words of Claus Hammer, what we are 
trying to do is to “outwit evolution.”

OVERCOMING THE PROBLEM OF THE GAL 
ANTIGEN

Nevertheless, very signifi cant progress 
has been made since we began to develop 
the ability to genetically modify large ani-
mals, particularly the pig. Th e “creation” of 
“Dolly” the sheep, the fi rst cloned mam-
mal, opened the gates to the possibility of 
rendering pig tissues resistant to the human 
immune response. It is only through this 
route that we will overcome the remaining 
barriers. Many of the barriers have been 
identifi ed, and some have been overcome. 

Table 1. The advantages and disadvantages of the pig vs baboon as a potential source 
of organs and cells for humans

Pig Baboon

Availability Unlimited Limited

Breeding potential Good Poor

Period to reproductive maturity 4–8 months 3–5 years

Length of pregnancy 114 ± 2 days 173–193 days

Number of offspring 5–12 1–2

Growth
Rapid (adult human size 

within 6 months)*

Slow (9 years to 

reach maximum size)

Size of adult organs Adequate Inadequate*

Cost of maintenance Significantly lower High

Anatomical similarity to humans Moderately close Close

Physiological similarity to humans Moderately close Close

Relationship of immune system to humans Distant Close

Knowledge of tissue typing
Considerable 

(in selected herds)
Limited

Necessity for blood type compatibility 

with humans
Probably unimportant Important

Experience with genetic engineering Considerable None

Risk of transfer of infection (xenozoonosis) Low High

Availability of specific pathogen-free animals Yes  Yes

Public opinion More in favor Mixed

*Breeds of miniature swine are approximately 50% of the weight of domestic pigs at birth and sexual maturity and 

reach a maximum weight of approximately 30% of standard breeds. At full size, miniature swine are easier to house 

and to handle. Furthermore, inbred herds are available, though cloning of any pig can result in inbred herds, if 

needed. Although MHC-identical miniature swine may have some specific immunologic advantage, the disadvantage 

is that they cannot be cross-bred with other pig strains in which a genetic modification has been introduced; if 

cross-breeding is carried out, clearly MHC identity is lost.
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For example, whereas the human vascular endothelium 
expresses the ABH blood group antigens, the pig’s vascular en-
dothelium expresses a galactose oligosaccharide, Galα1,3Gal 
(Gal) (36). Th e presence of Gal in the pig and its absence in hu-
mans, who thus generate anti-Gal antibodies, has proved a major 
challenge (37–40). When a pig organ or cells are transplanted 
into a human, these antibodies immediately bind to the cells 
of the graft and activate complement, resulting in hyperacute 
rejection that occurs within minutes or hours. Th is problem has 
largely been overcome by the development of pigs homozygous 
for α1,3-galactosyltransferase gene-knockout (GTKO), which 
no longer express Gal epitopes (41–43). 

A second way of negating the problem of human antibody 
binding to pig antigens is to provide the pig with increased re-
sistance to human complement-mediated injury. Th is has been 
achieved by inserting into the pig genes one or more human 
complement-regulatory proteins, such as CD55 or CD46 (44, 
45). Th e combination of GTKO and expression of CD46 and/
or CD55 has made hyperacute rejection a rarity in experimental 
organ xenotransplantation studies (46).

CURRENT RESULTS OF EXPERIMENTAL PIG ORGAN OR CELL 
XENOTRANSPLANTATION

Th e experimental results of cell xenotransplantation, e.g., 
islet or neuronal cells, are currently signifi cantly better than 
those of pig organ xenotransplantation. For example, pig islets 
have continued to function eff ectively in immunosuppressed 
nonhuman primates for periods of more than a year (47–50). 
Indeed, a clinical trial of encapsulated pig islet transplantation 
is under way in diabetic patients in New Zealand (51). 

Th ere are an estimated 8 million patients in the US with 
a neurogenerative disease, such as Parkinson’s disease. Human 
embryonic neural precursor cells can restore local motor activ-
ity in patients with Parkinson’s disease, but the use of human 
embryos is largely precluded on ethical grounds or on logistic 
grounds as too few become available. Genetically engineered 
pig embryos might provide an alternative source. Indeed, a 
European group has reported encouraging improvement for 
>1 year in locomotor function in monkeys with a Parkinson-like 
condition after the transplantation of genetically modifi ed pig 
dopamine-producing cells into the brain (52–54).

Th ere is also a great need for corneas, particularly in Asia 
and Africa; for example, it is estimated that 4 million patients 
need corneal transplantation in China alone (11). Experimental 
corneal xenotransplantation has made signifi cant progress in 
recent years; pig lamellar grafts have survived in monkeys for 
periods of more than 1 year, with the recipient receiving only 
corticosteroid injections into the eyes (55). Partly because the 
risk to the recipient would be small, it is likely that corneas 
will be the fi rst xenotransplants to be carried out as a clinical 
trial, perhaps followed soon after by neuronal cell or islet cell 
transplantation. 

With regard to pig organ xenotransplantation in nonhu-
man primates, we have been able to achieve pig heterotopic 
cardiac graft survival up to 8 months (56–59) (i.e., non–life-
supporting grafts in which the graft is placed in the abdomen 

and, by being supplied with recipient blood, beats, thus allow-
ing monitoring for rejection) and life-supporting pig kidney 
survival up to almost 3 months (60, 61). Transplantation of 
pig livers (62, 63) and lungs (64, 65) in nonhuman primates 
has been signifi cantly less successful, with grafts functioning 
for only days. Pig hearts and livers may initially be used as a 
bridge while the patient is awaiting a human graft; this will 
give us experience with organ xenografts in humans. Because 
dialysis maintains life for a number of years in many patients 
with renal failure, clinical pig kidney transplantation will prob-
ably be delayed. 

SAFETY AND REGULATORY ASPECTS OF 
XENOTRANSPLANTATION

Th e major concern of national regulatory authorities is 
whether pig organ or cell xenotransplantation will prove safe 
from the perspective of the transfer of porcine microorganisms 
with the graft to the recipient and perhaps into the general pop-
ulation (33–35). As mentioned earlier, to prevent this, pigs will 
be housed under strict barrier conditions and will be screened 
for potentially pathogenic microorganisms at regular intervals 
(34). Organs and cells from these pigs should, therefore, be safer 
from this perspective than an allograft taken from a recently 
brain-dead human, where there has been insuffi  cient time to 
monitor for all potential infectious agents. 

With regard to xenotransplantation, most concern has re-
lated to endogenous retroviruses that are present in the genome 
of every porcine cell (33, 35). Th ese will inevitably be transferred 
with the donor tissues. Th is potential risk gave considerable 
concern some years ago, but it is now generally believed that 
these are weak viruses and are unlikely to be problematic, even 
in an immunosuppressed recipient. Th ere has been no docu-
mentation of transfer of these viruses in humans or nonhuman 
primates exposed to pig tissues. Strict monitoring for infectious 
complications in the recipient and archiving of tissues from the 
source pig will be required by the regulatory authorities for a 
prolonged period of time (66).

PREDICTING FUTURE PROGRESS
In 1969, Sir Peter Medawar, the British scientist who won 

the Nobel Prize for medicine in 1960 and is considered the 
father of transplant immunology, stated, “We should solve 
the problem [of organ transplantation] by using heterografts 
[xenografts] one day if we try hard enough, and maybe in less 
than 15 years.” Th is indicates that even Nobel Prize winners 
can get their prophecies wrong. In contrast, in 1995, Sir Roy 
Calne, another great pioneer in organ transplantation, stated 
that xenotransplantation “is just around the corner, but it may 
be a very long corner.” He has been proved correct. At least 
he and Sir Peter Medawar were optimistic about the develop-
ment of xenotransplantation, whereas Norman Shumway, the 
pioneer of heart transplantation, stated rather pessimistically 
that “xenotransplantation is the future of transplantation, and 
always will be.” 

Nevertheless, there is clear evidence that xenotransplanta-
tion will become successful in the relatively near future. Th ere 



is a Native American proverb, “Timing has a lot to do with the 
success of a rain dance.” With the increasing variety of geneti-
cally engineered pigs now becoming available, it is likely that 
the remaining problems will be resolved and the timing for 
xenotransplantation will be right. For example, in Pittsburgh, 
we have available to us (through our colleagues at Revivicor 
Inc., of Blacksburg, VA) pigs with no fewer than nine diff erent 
genetic manipulations, of which at least fi ve have been com-
bined in a single pig (Table 2). With interbreeding between 

these various pigs—and with new genetic modifi cations being 
introduced—it is likely that the problems of rejection and co-
agulation dysfunction (which is the present major barrier [67]) 
will soon be overcome. Although there are relatively few hard 
data at present, the current evidence is that the function of pig 
organs and cells in humans may be adequate (68).

Th e words of George Orwell in Animal Farm will be ap-
posite to pig organ transplantation in humans. “Th e creatures 
outside looked from pig to man, and from man to pig, and 
from pig to man again; but already it was impossible to say 
which was which.” I believe the same will one day be said for 
the doctor examining a patient with an organ transplant—the 
doctor will not be able to determine whether the organ is an 
allograft or a xenograft. Eventually, allotransplantation will be 
of historic interest only.
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